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Abstract 
Room temperature electroreflectance (ER) spectroscopy has been used to study the fundamental 
properties of AlxInyGai .j.^N/AlN/GaN heterostructures under different applied bias. The 
(OOOl)-oriented heterostructures were grown by metal-organic vapor phase epitaxy on sapphire. 
The band gap energy of the AlxlnyGcLi_x_yN layers has been determined from analysis of the ER 
spectra using Aspnes' model. The obtained values are in good agreement with a nonlinear band 
gap interpolation equation proposed earlier. Bias-dependent ER allows one to determine the 
sheet carrier density of the two-dimensional electron gas and the barrier field strength. 
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1. Introduction 
Ill-nitride functional devices are based on alloys of the binary 
end components InN, GaN, and A1N. Whereas in conven-
tional nitride research and technology mostly binary 
and ternary alloys are discussed, the use of quaternaries in 
principle opens up a variety of additional possibilities 
for materials design. For example, the use of quaternary 
AlxlnyGcLi_x_yN alloys should allow almost independent 
control of the lattice parameter and energy band gap by 
varying the indium and aluminium compositions [1, 2]. This 
advantage can lead to improvements of the performance of 
electronic devices as well as to completely new design pos-
sibilities beyond what is possible with ternary layers, espe-
cially for UV light emitting diodes [3], and radio-frequency 
high-power transistors [4-7]. 
For example, one of the main applications of AlInGaN 
layers is as a barrier of a high electron mobility transistor 
(HEMT) to replace AlGaN or AlInN. It was shown previously 
[8] that the insertion of a thin A1N interlayer between the GaN 
buffer and AlInGaN improved the parameters of such HEMTs 
significantly, similar to AlInN/GaN HEMTs. 
Due to their quaternary nature, AlInGaN semiconducting 
layers show a broad absorption edge [9]. In fact, it is difficult to 
determine the absorption edge because of this intrinsic alloy 
broadening especially at room temperature, and yet there is no 
fully established method for experimental determination of the 
AlInGaN band gap energy. Recently, several attempts have 
been made to determine the fundamental band gap of qua-
ternary nitride alloys. Monroy et al grew the quaternaries over 
a wide compositional range and characterised them by reflec-
tivity and photoluminescence (PL) [10]. Sakalauskas et abused 
spectroscopic ellipsometry to analyze AlInGaN [11]. 
In this work, electroreflectance (ER) spectroscopy [12-
14] was used to investigate the properties of AlInGaN/AIN/ 
GaN heterostructures with different layer composition and 
Table 1. Overview of the samples sorted by the thickness of the AIN interlayer. The composition and thickness of the AlInGaN layers is 
determined by RBS. 
Sample 
A 
B 
C 
D 
AIN thickness 
nominal (nm) 
0 
0.5 
1 
2.5 
AlInGaN 
thickness (nm) 
13.0 
14.0 
12.5 
19.0 
Al 
X 
0.618 
0.612 
0.594 
0.590 
In 
y 
0.024 
0.048 
0.050 
0.041 
Ga 
1 — x — y 
0.358 
0.340 
0.356 
0.368 
AIN interlayer thickness at room temperature. In particular, the 
band gap energies of the quaternary AlInGaN layers have been 
estimated. By modulation spectroscopic techniques, an electric 
field within the sample is periodically varied while simulta-
neously the spectral response is detected. Here, we use ER on 
nitride heterostructures consisting of a thin quaternary cap layer 
on top of a GaN buffer, with an AIN spacer layer. The strong 
electric fields in the quaternary barrier lead to the formation of 
a two-dimensional electron gas (2DEG) at the AIN/GaN 
interface. These electric fields can be used for characterization 
purposes, as shown in this study regarding ER. 
preamplified and fed into a lock-in amplifier and the phase-
sensitive change of the photocurrent was recorded (AR). 
The modulation of the reflectivity AR is caused by 
applying a rectangularly modulated voltage to the contacts of 
the structure [8, 15]. For the quaternary HEMT structures, the 
voltages were varied between values of +1 and 0, - 1 , . . . 
-11 V, so the amplitude of the modulation voltage A U was 
varied between 0.5 and 6 V. In our case 
AR
 = _{R(U2) - R(Ui) 
R 0.5(R(U2) + RiUt))7 
(1) 
2. Samples and experimental details 
The four samples under study (see table 1) were designed as 
HEMT structures and grown on (0001)-oriented sapphire 
substrates by metal organic vapor phase epitaxy. The samples 
consist of a 3 //m thick GaN buffer and an AlInGaN barrier 
with a thickness of around 15 nm. Three of the samples (B, C, 
and D) additionally have an AIN interlayer between the bar-
rier and the GaN. The compositions and barrier thicknesses, 
obtained by Rutherford backscattering spectroscopy (RBS), 
are also shown in table 1. 
The samples were processed into simple test devices for 
ER measurements. We used an ohmic contact (30 nm Ti/ 
200 nm Al/50 nm Ni/150 nm Au) annealed at 850 °C for 30 s in 
N2 atmosphere and a semi-transparent Pt Schottky top contact 
(10 nm). A Pt ring (60 nm) was deposited around the semi-
transparent metal layer [8]. Both the ohmic and the ring con-
tacts were bonded to the sample holder for the measurements. 
ER determines the relative change in reflectivity (AR/R) 
caused by a change of electric field strength when applying a 
modulation voltage on the top Schottky contact. Therefore, 
the light of a Xe-lamp was directed onto the slit of a mono-
chromator with 750 mm focal length and dispersed by a 
2400 mm-1 grating. The monochromatic light was then 
focused onto the connected Schottky contact on the sample in 
quasi-normal incidence. The deviation from normal incidence 
was <5°. The reflected light intensity was detected by a UV-
sensitive Si photodiode as a function of the monochromator 
wavelength. The absolute value of the generated photocurrent 
of the Si photodiode corresponds to the reflectivity of the 
sample under investigation (R) and has been recorded by a 
digital multimeter, while the signal was additionally 
with Ui and £/2 denoting the two different applied voltages 
yielding different electric field strengths and thus different 
reflectivities by change of the dielectric function [16]. 
The spectral resolution during the ER experiment was 
better than 1 meV. All measurements were carried out at room 
temperature. Details of the experimental technique and data 
analysis of ER can be found elsewhere [12, 13]. 
3. Experimental results and discussions 
3.1. AlInGaN band gap energy 
Figure 1 shows a typical ER spectra of our samples. The sig-
nals arising from the GaN band gap at around 3.45 eV, the 
response from the 2DEG, and a further feature in the range of 
4.5^1.7 eV are clearly visible. The peaks marked as AlInGaN 
with arrows in figure 1 are not connected with Franz-Keldysh 
oscillations originating from the 2DEG and/or the GaN buffer 
layer, as will be discussed below. Similar results have been 
obtained in the past with AlGaN/GaN heterostructures [12-14]. 
To understand the nature of these features, ER spectra 
under different bias voltages at the Schottky barriers have 
been recorded. As an example we present ER spectra from 
sample D at minimum voltages from -10 to 0 V in figure 2. 
Two spectral features do not change their energy position 
under voltage variation. At 3.45 eV we identify the signal 
originating from the GaN buffer layer. The feature at around 
4.57 eV is therefore unambiguously related to the quaternary 
AlInGaN barrier layer. In contrast, the signal connected with 
the 2DEG (at around 3.55 eV) shifts to lower energies when 
the minimum voltage is decreased (2DEG depletion). This 
behavior is typical for all samples under investigation. So, by 
means of changing the bias we are able to separate different 
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Figure 1. Electroreflectance spectra of the samples under investiga-
tion measured at —4 V minimum voltage. The spectra are shifted 
vertically for better visibility. 
signals connected with the band gap related transition in the 
AlInGaN layer and the 2DEG, respectively. 
The energy positions of the features in the ER spectra are 
directly related to the GaN and AlInGaN band gaps. We 
determined the band gap values by least-square fits using the 
model by Aspnes [17]: 
AR 
R 
= Re\ 
AeKf 
(E-Eg + LT) 
(2) 
Figure 2. Electroreflectance spectra of sample D measured at 
different minimum voltages between 0 and —10 V. The spectra are 
shifted vertically for better visibility. The label FKO marks the 
region of the Franz-Keldysh oscillations. 
which are based on binary end-point values, we apply the 
expression [18]: 
^AlInGaN
 = ( 1 _ % _ y ) £ G a N + x £ A l N 
+ y£ I n N -Z?A1GaNx(l -x) 
- fe I n G a Ny(l -y) + bxyxy, (3) 
^AlInN uAlGaN ,InGaN 
where A and q> are amplitude and phase parameters, E is the 
photon energy of the probe beam, Eg is the energy position of 
the spectral line, r is the related broadening parameter, and m 
is the parameter determining the type of the critical point in 
Aspnes' original work [17]. We used a value of m = 2, which 
is valid if the transition is of excitonic nature at a M 0 critical 
point, i.e. the fundamental direct band gap of any nitride 
semiconductor. 
The energy Eg and the r parameters are extracted from 
the fits (shown in figure 3). The fitting parameters are sum-
marized in table 2 and show that the energies of the funda-
mental transitions in the quaternary layers are in the range of 
4.47^1.62 eV. The band gap energy of AlInGaN decreases 
with increasing In content. These data are fully consistent 
with the results of [11]. 
To analyze the experimental data in more detail, we 
calculated band gap energies for the quaternary layers based 
on the known RBS compositions. Employing the ternary 
alloy bowing parameters determined in previous studies, [11] 
u t y - u - u - u , ( 4 ) 
where £ m - N are the band gap energies of the allowed 
transitions for the electric field vector perpendicular to (0001) 
[19] (£ G a N = 3.45 eV, £A1N = 6.21 eV, and £ I n N = 0.68 eV) 
and ¿) n i-N are the bowing parameters [19, 20]: 
^InGaN
 = l J 2 e V , frAlGaN = Q 3 e V > ^AlInN = A/(l + cy2), 
where A = 6.43 eV and c = 1.21. 
We calculated the band gap energies of the quaternary 
AlInGaN layers for the case of a fully relaxed crystal and for a 
fully pseudomorphically strained condition. For the case of 
pseudomorphic growth on unstrained GaN buffer layers 
elastic constants [21] and deformation potentials [22] were 
interpolated linearly. The results of the calculations are 
summarized in table . One can see that the calculated results 
for the case of relaxed AlInGaN films are in better agreement 
with the experimental data than those for pseudomorphic 
growth. The difference between the experimental and calcu-
lated band gap energies for fully relaxed AlInGaN diminishes 
monotonously from 160 meV (for sample A w/o A1N inter-
layer) to lOmeV (for sample D with the largest thickness of 
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Figure 3. Experimental data (minimum voltage —10 V) connected 
with the signal from the AlInGaN band gaps (symbols) and the 
corresponding least-square fits (curves) after equation (2). 
Table 2. Band gap energies of the direct allowed transition in the 
AlInGaN layers with the electric field vector perpendicular to (0001) 
as determined from fitting Aspnes' model (equation (2)) to ER data 
compared to the calculated band gap energies for pseudomorphic 
growth and fully relaxed layers. Additionally, the experimental 
broadening parameter f from Aspnes' model is tabulated. All values 
are given in eV. 
Sample 
A 
B 
C 
D 
Experimental 
Aspnes' model 
4.62 
4.51 
4.47 
4.57 
Calculated 
(pseudomorphic) 
4.48 
4.36 
4.28 
4.34 
Calculated 
(relaxed) 
4.78 
4.60 
4.54 
4.58 
r 
0.13 
0.20 
0.23 
0.16 
A1N interlayer) with increasing A1N layer thickness. We 
conclude that inserting the A1N interlayer leads to partial 
relaxation in the AlInGaN. The broadening parameters of the 
ER features for the samples are large (0.13-0.23 eV) which 
we assign to the random alloy broadening in AlInGaN [9]. In 
figure 4 experimental values for r are shown. This parameter 
increases monotonously with increasing In content. This fact 
may be connected with the large radius of indium atoms [23] 
compared to gallium or aluminum atoms. 
3.2. 2DEG density 
The presence of Franz-Keldysh oscillations in the ER spectra 
at higher energies than the AlInGaN band gap energy 
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Figure 4. Dependence of the broadening parameter f on the indium 
concentration in the AlInGaN layers. 
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Figure 5. Dependence of the electric field strength in the quaternary 
barrier layers of samples B and C as a function of the minimum 
voltage during modulation. Symbols represent measured values 
extracted from electroreflectance spectra, continuous lines are linear 
best fits. 
(figure 2) yields the possibility of determining the electric 
field strength in the barrier layer and correspondingly the 
sheet carrier density in the two-dimensional electron gas [24]. 
The electro-optical energy h0 is obtained by analyzing 
Table 3. Lattice parameters and polarisation charge densities of all samples under investigation. The lattice parameters were determined by 
XRD. The polarisation charges density at on GaN/AlInGaN heterointerface are calculated using the composition data. 
Sample 
A 
B 
C 
D 
c axis (nm) 
GaN 
0.51855 
0.518 
0.51855 
0.51855 
AlInGaN 
0.5062 
0.5083 
0.5074 
0.5056 
101 
< 
13
 (cm"2) 
2.4 
1.9 
3.3 
3.1 
Table 4. The 2DEG sheet carrier densities as measured by Hall, CV, and ER experiments. N.a. means not available. 
Sample 
A 
B 
C 
D 
Hall mobility 
/i (cm /Vs) 
836 
899 
1070 
1230 
10 
«Hall 
13
 (cm" 
3.0 
3.0 
2.6 
3.4 
-
2) 10 
«cv 
13
 (cm" 
1.77 
n.a. 
1.72 
1.95 
-
2) 10 
«ER 
13
 (cm"2) 
n.a. 
2.5 
3.1 
3.7 
Franz-Keldysh oscillation maxima and minima according to: 
3 v (m 3/2 An {fimv \ 3 / 2 ' (5) 
where v is the order of the extremum and hmv the 
corresponding energy. h0 is then used to calculate the electric 
field strength F: 
F = 
he <m 
-3/2 (6) 
Here, ¡i* is the reduced effective mass and e the elementary 
charge. The weak ER signal amplitude of AlInGaN layer of 
sample A does not allow for this analysis, however, the 
electric field strengths for the other three samples could be 
obtained. In figure 5 results for samples B and C are given as 
examples. By linear fitting the electric field strengths as a 
function of the minimum voltage of the modulation pulses, 
we estimate the field for zero applied bias. This value is in 
turn used for determining the sheet carrier density of the 
2DEG («ER) using Gauss's theorem: 
£ftER — £0 £r,barrier -^barrier ' 6p (7) 
where e is the elementary charge, ibanier is the electric field 
strength in AlInGaN barrier, eo is the electric constant, er barrier 
is the dielectric constant of the barrier layer which was 
interpolated according to the composition as determined by 
RBS, at is the difference of the density of polarization 
charges, which includes the piezoelectric and spontaneous 
contributions. These are calculated as the sum of spontaneous 
and piezoelectric polarization: at = osp + apz, where osp is the 
difference between the interpolated spontaneous polarization 
parameters and opz denotes piezoelectric polarization. opz is 
calculated taking into account the strained situation of the 
layers with experimental c-lattice parameters given in table 3. 
These are used along the calculation scheme reported in [25] 
yielding the values given in table 3. Elastic, piezoelectric and 
dielectric constants for AlInGaN have been interpolated 
linearly using data for AIN, GaN, InN [19]. 
Results and the 2DEG sheet carrier densities as measured 
by the Hall effect in a van-der-Pauw configuration at 295 K 
and by capacitance-voltage (CV) measurements and by ER are 
summarized in table 4. The accuracy of the wER value is 
connected with the accuracies of í¡,arrier a nd aP a nd do not 
exceed in our case 15%. The differences in the determined 
2DEG densities obviously stem from different ap (see table 3). 
Additionally, the differences between the sheet carrier den-
sities are connected with the different electric potentials of the 
Shottky contact during Hall, CV and ER measurements. 
Reasonable agreement is obtained for the results of the 
2DEG density measured with the three techniques. 
4. Conclusions 
In conclusion, ER spectra from AlInGaN/AlN/GaN HEMT-
like heterostructures have been recorded at room temperature. 
The spectral features were separated by applying different 
bias voltages to a semi-transparent Schottky contact. 
The band gap energies of the AlInGaN layers have been 
determined by least-square fits of the experimental data by 
Aspnes' model. Modeling of the band gap energy for the 
quaternary AlInGaN layers shows that the barriers in our 
structures are partially relaxed. Inserting the AIN interlayer 
leads to a partial relaxation in the AlInGaN. 
The large broadening parameters of the ER lines arise 
due to the quaternary alloy nature of the films. The values for 
r correlate with the indium concentration in the barrier layers. 
Bias dependent ER allows for an independent optical 
estimation of sheet carrier densities. Sheet carrier densities 
obtained by ER show reasonable agreement with the results 
obtained by CV and Hall measurements. As a concluding 
remark, it was shown that ER is a useful method to 
characterise the fundamental parameters of quaternary nitride 
layers. 
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